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Abstract 
 While the number of transistors per microprocessor is rapidly increasing, the power 
requirements of converters are getting more and more important. The amount of current is 
increasing, while at the same time the output voltage is steadily decreasing. Today’s boards are 
exceeding 100A, while the buck converters have their output voltage below 1 V. Due to these 
new power requirements, multiphase buck converters are becoming more popular. In addition, 
this topology is usually used with voltage regulator modules (VRM).  
 The TPS40090EVM-002 board was used as the original multiphase buck with an input 
voltage of 12 V and output voltage of 1.5 V. The board also has an output current of 100 A, 
totaling the output power to 150 W. The revised board’s main aim was to reduce the output 
voltage ripple, while also improving the efficiency and line and load regulation. Through 
simulation, the revised board was able to drastically improve the output ripple by a factor of 30. 
When implementing the hardware, the revised board was only able to reduce the ripple by about 
half. However, the new board was unable to improve efficiency or line and load regulation.  
Before the hardware tests were done, OrCad PSpice was used for an open loop simulation 
of the power stage. The power stage consisted purely of the four phase multiphase buck 
converter. Simulation was done for the regular converter as well as the revised buck converter. 
The hardware tests were then done for the EVM board and the revised board. The results were a 
success as the output voltage ripple was decreased, and now there is only more room to improve 
for the multiphase buck converter.  
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Chapter 1. Introduction  
          
Power Electronics is the study of regulating the flow of electrical energy through the use 
of electronic circuits. It uses aspects of power, electronics, and control systems. Many people 
confuse linear electronics with power electronics even though they have different aspects of 
Electrical Engineering. While linear electronics deals with gain and bandwidth, power 
electronics focuses primarily on efficiency and distortion. Efficiency is essentially the power 
outputted from the system over the power put in. Power electronics is becoming more and more 
popular nowadays because of its ability to improve efficiency and reduce costs. 
Regulating electrical energy is also called power control and conversion. Power control entails 
converting electric energy from one form to another such as converting from DC (Direct 
Current) to AC (Alternating Current); or just changing the voltage and frequency; or the 
combination of these. In fact, there are four different types of converters for electric power 
conversion: DC to DC, DC to AC, AC to DC, and AC to AC. These different types are chosen in 
order to meet specific requirements. Even though a lot of people don’t know much about or even 
never heard of these converters, they are actually used everywhere in our lives. 
AC-DC converters, also called rectifiers, are widely used when connecting electronic devices 
(smartphone, headset, etc.) to the mains (computer, television, etc.). Rectifiers can change the 
AC signals coming out from the electronic devices to DC signals that the mains can read. In 
addition, rectifiers can also change the voltage level of the signals if needed. Uncontrolled 
rectifiers use diodes and can be implemented using half wave (2 diodes) or full wave (4 diodes). 
On the other hand, controlled rectifiers use thyristors instead of diodes. The advantage of 
thyristors is that they use a firing angle to control when it is turned on. 
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One example of a DC-AC inverter includes the Switched-Mode inverter. These inverters are 
especially useful in taking the DC voltage from solar panels and inverting into AC for use in 
residential houses. Two main switch-mode inverters are the square wave inverter and the pulse 
width modulation (PWM) inverter. For the square wave inverter, the DC input voltage is 
adjusted in order to control the magnitude of the output AC voltage, while the switching 
frequency is changed to control the frequency of AC output voltage. With pulse width 
modulation, the DC input voltage is kept constant and the inverter has to change both the 
magnitude and frequency of the AC output voltage. 
         Two basic methods used for AC-AC converters are Integral Cycle Control (ICC) and 
Phase Control. ICC is ideal for systems with a large thermal time constant and a high mechanical 
inertia (industrial heaters, speed control of motors, temperature control system). ICC is 
advantageous because of the low EMI noise and reduced harmonics. On other hand, it is not 
good for high frequency like phase control. Phase Control has thyristors, which are suitable for 
high current, however it introduces higher frequency harmonics due to force commutation at 
non-zero voltage. 
         DC-DC Converters are used in almost every portable devices that use batteries. And the 
main role of DC-DC converters is to keep the voltage of these portable devices at fixed values 
whatever the voltage levels of the batteries are. The performance of these converters relies on the 
efficiency, line regulation, load regulation, cross regulation, peak to peak output voltage ripple, 
and dynamic load testing.  
Even a single type of converter can have a lot of topologies to meet the specific 
requirements. For example, DC-DC converters, depending on whether or not transformers are 
being used in the circuit, can be divided into two topologies: Isolated DC-DC Converters and 
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Non-Isolated DC-DC Converters. Isolated DC-DC Converters with transformers can handle 
higher power, while Non-Isolated DC-DC Converters are more economical, reliable and compact 
(less board space) because less components are needed. 
Out of the non-isolated DC-DC converters, there are three basic topologies. The Buck 
converter takes a higher DC voltage and steps it down to a lower DC voltage. A Boost converter 
does the opposite and boosts a lower voltage to a higher DC value. Finally, a Buck-Boost has the 
ability to either step up or step down depending on the duty cycle. These converters have three 
main components: a switch, diode, and inductor. These components are in different positions for 
the different topologies, with the inductor resided with the lower voltage side. The circuit 
diagrams can be seen in Figure 1-1. 
 
Figure 1-1. Three basic non-isolated DC-DC converter topologies 
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Chapter 2. Background 
 
Transistor plays a very important role in microprocessors and has a significant effect on 
the reliability and efficiency of a microprocessor which is the reason why the number of 
transistors inside microprocessors has never stop increasing. According to Moore’s Law, the 
number of transistors in one single microprocessor doubles approximately every two years. For 
example, the oldest Intel 4004 processor in 1971 only has 2,300 transistors inside of it, compared 
to the latest 32-core AMD Epyc processor which has 19,200,000,000 transistors, as indicated in 
Figure 2-1. 
  
Figure 2-1. Moore’s Law [1] 
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    The increasing number of transistors inside a microprocessor creates a new challenge for 
the power supply of the microprocessor. It now has to be able to supply a high amount of current 
at relatively very low voltage. This challenge is getting bigger and bigger as the number of 
transistor keeps increasing. The power supply, also called the Voltage Regulator Module (VRM), 
must keep upgrading and updating in order to meet the future needs. The objective of this project 
is to create a voltage regulator module that meets the power requirements for microprocessors. 
As power requirements increase with the growing number of transistors, it will be hard for future 
VRMs to keep up. This generally means that there will be higher current requirements, and for 
maintaining high efficiency even lower voltage requirements. The Semiconductor Industry 
Association (SIA) states that with increasing transistors, “computing will not be sustainable by 
2040, when the energy required for computing will exceed the estimated world's energy 
production” [2]. To answer these challenges, several multiphase topologies for VRM have been 
developed. Each topology will have their benefits and drawbacks. For this project, the 
multiphase topology used for the VRM will be based on Taufik’s patent on multiphase buck 
topology (US Patent No. 7,782,032). We will refer to this topology Cal Poly’s multiphase. 
There have been several Master’s theses conducted on Cal Poly’s multiphase in the past. One 
example was performed by Rudianto, which was completed in June 11, 2009[3]. The VRM that 
will be built in this project will be similar to that built in Rudianto’s thesis with the same goal of 
improving the VRM and its ability to deal with increasing transistors as stated in his thesis: “The 
intention of this project is to introduce and analyze a new multi-phase DC-to-DC converter 
topology aimed at improving the delivery of power to a microprocessor. If successful, the 
topology will improve the output voltage and current characteristics such as peak to peak ripple 
and regulations while improving overall converter efficiency” [3].  The design requirements of 
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the multiphase converter is specified in Table 2-1. Our design requirements are stricter now due 
to the exponential increase of transistors in microprocessors in the past 9 years. While the thesis 
aimed to design a VRM that can supply 40A, the VRM for this project will be designed to 
accommodate 200A utilizing a total of 4 phases or modules (each, therefore handles up to 50A) 
  
Table 2-1. Design parameters of previous design 
              
As stated before, multiphase configuration usually of Buck topology is commonly used in 
VRMs. In general, multiphase topologies combine Buck converters in parallel configuration in 
order to distribute the large amounts of current, see Figure 2-2. For example, with two phases 
each Buck module or phase would take half of the current. However, each phase is being 
activated at different times. In fact, each Buck phase will have a switching control signal that is 
360°/N phase shifted from one another, where N is the number of phases. Our design aims to 
utilize four phases, which means each phase will be operating at 90° apart. Furthermore, if the 4 
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phases are named 1, 2, 3, and 4, and the switching sequence is 1, 3, 2, 4 then this process is 
called interleaving. With this sequencing, cancellation of input and output current ripples can be 
done more effectively; thus lowering the input and output capacitances. Moreover, the 
interleaving sequence will also distribute the heat generated on VRM’s board more evenly and  
spread-out, thus minimizing cooling requirement. This multiphase interleaving configuration has 
also been proven to allow for a fast transient response, which is definitely needed for 
computationally intense consumer applications. 
 
  
Figure 2-2. Two Buck Multiphase Converter   
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Chapter 3. Design Requirements 
Purpose of the Design 
  
 
   
     Figure 3-1. Level 0 Block Diagram 
  
For our project, we will be comparing a commercial multiphase buck converter to our 
improved design. The commercial circuit will be selected to have a standard synchronous buck 
converter in 4 phase configuration, as illustrated in Figure 3-2. A synchronous buck converter uses 
a MOSFET in place of the diode in the freewheeling path, in order to handle the amount of power 
without having large conduction loss. A single input DC voltage source and an output capacitor 
will be connected at the input and output of the 4 phase multiphase buck respectively. 
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The proposed improved multiphase has the same concept as the commercial design, but 
with a few additional components as depicted in Figure 3-3. The first two and last two buck 
converters are paired or grouped together to establish the four phases of the VRM. Two more 
inductors are added at the output of the paired Bucks, which allows a mid-point connection back 
to the input through a small capacitor. Schottky diodes may still be used to provide improved 
efficiency in a freewheeling path of the added inductors. The main (high-side) switch of every 
buck converter will have the conduction time of D*T, while the synchronous switch (which 
replaces the diode in a regular buck, also called the low side switch) will have the conduction time 
of (1-D)*T. The reason for adding extra inductors and capacitors are mainly for extra energy 
support, which helps in transient response as well as reducing current ripples. This in turn reduces 
the input and output capacitor requirements; hence, better efficiency. 
  
Figure 3-2. Commercial Multiphase DC-DC Buck Converter 
16 
 
 
Figure 3-3. Modified Multiphase DC-DC Buck Converter 
  
The Level 1 Block Diagram as shown in Figure 3-4 is a more detailed version of the Level 
0 Diagram. In Level 1, we can see that the multiphase buck will be using a centralizer controller 
to operate four different buck converters and to ensure that the synchronized shifting of operation 
among buck converters is achieved. In addition, within each Buck converter a separate driver 
circuit is needed to provide the turn-on and turn-off signals to the MOSFETs. 
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Figure 3-4. Level 1 Block Diagram  
Design Requirements 
First of all, the converter has to be a four-phase converter in order to supply enough power 
for the microprocessor. Also, the input voltage of the converter has to be 12V ± 5% and output 
voltage has to be 1.8V with steady-state peak to peak ripple of less than 2%. These input and output 
voltage values are specifically chosen to meet today’s actual microprocessor requirements. In 
terms of output power, the converter for this project should have a maximum average output 
current of 200A (360W maximum output power), which is the amount of current in the range of 
latest microprocessors. In addition, the overall system efficiency of the converter should be at least 
85% measured at full load. Lastly, the designed converter should have both line regulation and 
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load regulation lower than 2%. These regulation requirements ensure that the converter will be 
able to maintain its output voltage value despite any changes occurring at its input and/or its load. 
Table 3-1 summarizes the design requirements for the improved multiphase buck converter. 
 
Table 3-1. Design Parameters 
Parameter Specification 
Number of Phases of the Converter 4, interleaving 
Nominal Input Voltage 12V ± 5% 
Nominal Output Voltage 1.8V 
Percent Output Voltage Ripple <2% at Full Load 
Maximum Average Output Current 200A 
Maximum Average Output Power 360W 
Converter’s Efficiency >85% at Full Load 
Line Regulation from –5% to +5% of Nominal Input 
Voltage 
<2% 
Load Regulation from 10% to 90% load <2% 
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Chapter 4: Simulation 
Schematic Overview 
    The TPS40090EVM-002 4-phase buck converter was simulated in Orcad Pspice. The 
schematic of the buck converter is shown below. The input of the converter is supplied by a DC 
voltage source of 12V. Sbreak is used for all the switches and the switching signals are generated 
by pulse signals using Vpulse. The runtime of this simulation is set to 2ms to ensure that the results 
reach steady state. The performance of the 4-phase buck converter is determined based on the 
inductor current waveform, output voltage waveform, total current waveform, and efficiency 
curve. 
 
Figure 4-1: 4-phase buck converter schematic 
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It is important to note that even if the duty cycle is calculated to be 1.5V/12V = 0.125, it 
has to be higher than that in the simulation in order for Vout to achieve the desired value of 1.5V. 
And the main reason for a higher duty cycle is to compensate for the losses of the switches. In this 
simulation, the duty cycle is set to be 0.148 in order for the output voltage to achieve 1.5V. 
 
Commercial Buck: 
Inductor Current 
The inductor current waveforms for each of the phases are shown in Figure 4-2. The figure 
demonstrates that the 4 inductor currents are being shared equally between the 4 phases. The 
current ripple cancellation effect of an interleaving multiphase buck can also be observed by 
comparing the waveforms in Figure 4-2 to the total current waveform in Figure 4-3. 
Figure 4-2: Inductor Current 
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Figure 4-3 shows the total inductor current of Itotal = 100A = 25A × 4, which is the summation of 
the currents of the 4 phases as expected. Also the frequency can be calculated from Figure 4-3: 
1
694.808𝜇𝑠 − 694.208𝜇𝑠
= 1.66𝑀𝐻𝑧 
This is really close to the expected value of 418kHz × 4 = 1.67MHz, which is a good demonstration 
of the frequency multiplication effect of the multi-phase converter. 
 
 
Figure 4-3: Total Inductor Current 
 
Output Voltage 
Figure 4-4 depicts the output voltage waveform. From the data, the voltage ripple is calculated to 
be 1.515V - 1.482V = 33mV. 
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Figure 4-4: Output Voltage at full load 
Power and efficiency 
The input and output powers are shown in Figure 4-5, with the input power at 183.3 W and 
the  output power at 147.8 W. The waveforms are captured at full load of 100A, therefore the 
efficiency at full load is 
147 .𝑊
183.3𝑊
× 100%= 80.7%. 
Figure 4-5: Input and Output Powers 
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Figure 4-6: Efficiency at full load 
Improved Buck: 
Schematic Overview 
To improve the output voltage ripple (making the output more DC), a capacitor is added in 
each phase from the input to the cathode of the inductor. The improved schematic is shown in 
Figure 4-7, with a capacitor added to each phase. 
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Figure 4-7: Improved 4-phase buck converter 
 
Output Voltage Ripple, Efficiency and Capacitance 
Figure 4-8 is a graph showing how output ripple changes with respect to the capacitance 
of the added capacitor. The graph shows a great drop of ripple before capacitance reaches 4µF, but 
after 4µF the ripple is staying around 1mV with a slight decrease. 
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Figure 4-8: Output voltage Ripple vs. Capacitance 
From Figure 4-9, it is obvious to observe that the capacitance of the added capacitor barely 
affects the efficiency at any percent of the load. 
 
Figure 4-9: Efficiency vs. Percent load at different capacitance 
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Output Voltage Ripple Comparison 
Based on the Figure 4-8 and 4-9, 4.7uF capacitors are chosen for the circuit to improve the 
output voltage ripple. From Figure 4-10, the output ripple of the improved buck after adding a 
4.7uF capacitor to each phase is calculated to be: 
1.4984V - 1.4973V = 1.1mV 
Compared to the 33mV voltage ripple of the original 4-phase buck, a huge improvement can be 
observed. 
 
Figure 4-10: Output voltage for improved buck at full load 
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Summary 
Table 4-1 summarizes all of the simulation results, and will be used to compare with the 
hardware results. 
Table 4-1: Simulation Result Summary 
Parameter Simulation Result 
Output Voltage 1.495V 
Output Voltage Ripple at full load 33mV 
Output Voltage Ripple at full load(Improved) 1.1mV 
Iout ripple 1.555A 
Efficiency 80.6% 
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Chapter 5: Hardware 
 
After simulation, the next step for this project was to test the TPS40090EVM-002 board 
by itself and with our additions. The first thing that was tested during the hardware was the EVM 
board by itself. This board has an input voltage rating of 12 V, output voltage rating of 1.5 V, 
and output current rating of 100 A. This means that for the 4 phases of the board, there is 25 A 
being supplied to each of the buck converters. The frequency listed on the datasheet is 418 kHz, 
which is the frequency of each buck converter. Due to the multiphase, the output of the EVM 
board sees four times the frequency, four because of the four phases. The output frequency 
comes out to be 1672 kHz, which is the frequency used to calculate the output capacitor value in 
the previous chapter. A summary of the board’s specifications can be seen below in a table from 
the datasheet. 
Table 5-1: TPS40090EVM-002 Performance Summary 
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Test Equipment 
 For this project, due to the high current being used by the load and the amount of current 
at the input, special equipment had to be used. The electronic load had to be able to withstand 
100 A and power rating of 150 W. The electronic load that was used was the BK PRECISION 
8510, which is rated at 600 W and 120 A. For the input, while although there wasn’t as much 
current, a power rating of 150W and a current of 12.5 A was needed. The input current was 
calculated using the duty cycle. 
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛
=
𝐼𝑖𝑛
𝐼𝑜𝑢𝑡
= 𝐷 
𝐷 =
1.5 𝑉
12 𝑉
= 0.125 
𝐼𝑖𝑛 = 𝐷 ∗ 𝐼𝑜𝑢𝑡 
𝐼𝑖𝑛 = 0.125 ∗ 100 𝐴 
𝐼𝑖𝑛 = 12.5 𝐴 
 
The power supply that was used was the HP 6032A, which is rated at 1000 W and 50 A. 
To measure the output voltage, the RIGOL DM3052 was used. In addition, the GW INSTEK 
GDS-1102B was used in order to view the output voltage waveform and obtain the output 
voltage ripple. A list of the equipment used can be seen in the table below. 
For testing, the setup of the DC power supply and the electronic load can be seen in 
Figure 5-1. Due to the inaccuracy of the output voltage on the electronic load, a digital 
multimeter was used instead. In addition, two wires were required at the output because of the 
great amount of output current. A close up of the wires and the board is shown in Figure 5-2. The 
thick gauge wire at the input was sufficient enough for the 12.5 A. 
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Table 5-2: Equipment List 
Manufacturer Manufacturer Part Number Description 
HP 6032A DC Power Supply 
BK PRECISION 8510 DC Electronic Load 
BK PRECISION 8540 DC Electronic Load 
RIGOL DM3052 Digital Multimeter 
GW INSTEK GDS-1102B Digital Oscilloscope 
 
 
Figure 5-1: Setup of Board with DC Power Supply and Electronic Load 
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Figure 5-2: Close up of wires and board 
 
TPS40090EVM-002 Hardware Results 
Load Regulation 
 For the load regulation, 10% of the full load was used for the minimum load, which 
equates to 10 A. The full load is 100 A, however, the load was unable to get the current all the 
way up to that value. The highest current that was recorded was 92.7 A, which was used as the 
full load value. The BK PRECISION 8510 was only able to get up to 80 A by itself. To get up to 
92.7 A, the BK PRECISION 8540 was used as well. The nominal input voltage of 12 V was 
used. 
𝐿𝑜𝑎𝑑 𝑅𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑜𝑢𝑡(𝑚𝑖𝑛 − 𝑙𝑜𝑎𝑑)  −  𝑉𝑜𝑢𝑡(𝑓𝑢𝑙𝑙 − 𝑙𝑜𝑎𝑑)
𝑉𝑜𝑢𝑡(𝑓𝑢𝑙𝑙 − 𝑙𝑜𝑎𝑑)
 
=
1.512𝑉 −  1.501𝑉
1.501𝑉
× 100% 
= 0.73% 
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The datasheet states that the load regulation should be ±0.3%, with the experimental value still 
under 1%.  
Line Regulation 
 For the line regulation, the input voltage range on the datasheet was used. For the low 
input voltage, 10.88 V was used and for the high input voltage, 14 V was used. The load was 
kept constant and placed at full load and the nominal voltage that was used was 12 V. 
𝐿𝑖𝑛𝑒 𝑅𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑜𝑢𝑡(ℎ𝑖𝑔ℎ − 𝑖𝑛𝑝𝑢𝑡)  −  𝑉𝑜𝑢𝑡(𝑙𝑜𝑤 − 𝑖𝑛𝑝𝑢𝑡)
𝑉𝑜𝑢𝑡(𝑛𝑜𝑚𝑖𝑛𝑎𝑙)
 
=
1.5075𝑉 −  1.5073𝑉
1.501𝑉
× 100% 
= 0.013% 
The experimental line regulation surpassed the value on the datasheet at 0.1%. 
 
Output Voltage Ripple 
The output voltage ripple (seen in Figure 5-3) for the original board did better than 
simulation did with only 18.2 mV rather than the 33 mV from simulation. However, the ripple 
did fall in the range listed on the board’s datasheet. The leakage spike was quite significant, 
which is similar to the spike seen in Rudi’s report.  
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Figure 5-3: Output Voltage Ripple for Original Board 
 
Figure 5-4: Efficiency Curve of Original Board 
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The efficiency curve above in Figure 5-4 was found by graphing efficiency versus the load 
current. The maximum efficiency was 88.04% and was found at 29.99 A. The full load 
efficiency was 85.74% and met the design requirements, as well as the value on the datasheet.  
 
Revised Board Hardware Results 
Load Regulation 
 For the load regulation for the revised board, 10% of full load was used again for the 
minimum load. Again, the full load was unable to reach 100 A and stopped short at 92.6 A. The 
nominal voltage of 12 V was used for these readings.  
𝐿𝑜𝑎𝑑 𝑅𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑜𝑢𝑡(𝑚𝑖𝑛 − 𝑙𝑜𝑎𝑑)  −  𝑉𝑜𝑢𝑡(𝑓𝑢𝑙𝑙 − 𝑙𝑜𝑎𝑑)
𝑉𝑜𝑢𝑡(𝑓𝑢𝑙𝑙 − 𝑙𝑜𝑎𝑑)
 
=
1.512𝑉 −  1.489𝑉
1.489𝑉
× 100% 
= 1.54% 
The load regulation of the revised board was worse than the original board. This could be the 
case due to the simulation showing a drop in the output voltage after the adaptation. 
Line Regulation 
 For the line regulation for the revised board, the same input voltage values were used 
from the datasheet. The minimum input voltage that was used was 10.89 V and the maximum 
input voltage that was used was 14 V. The load was not varied and kept at full load. 
𝐿𝑖𝑛𝑒 𝑅𝑒𝑔𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑜𝑢𝑡(ℎ𝑖𝑔ℎ − 𝑖𝑛𝑝𝑢𝑡)  −  𝑉𝑜𝑢𝑡(𝑙𝑜𝑤 − 𝑖𝑛𝑝𝑢𝑡)
𝑉𝑜𝑢𝑡(𝑛𝑜𝑚𝑖𝑛𝑎𝑙)
 
=
1.489𝑉 −  1.488𝑉
1.489𝑉
× 100% 
= 0.067% 
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The line regulation was also a little worse on the revised board due to the drop in output voltage. 
Output Voltage Ripple 
   
Figure 5-5: Output Voltage Ripple for Revised Board (4.7uF) 
 
Figure 5-6: Output Voltage Ripple for Revised Board (2.2uF) 
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 The output voltage ripple of the revised multiphase buck can be seen in Figure 5-5 and 5-
6. The ripple saw an improvement from the original converter at 15.4mV for the 2.2uF capacitor 
and 12.4 mV for the 4.7uF. While although there was an improvement, the hardware was not 
able to see the ripple drop as much as the simulation did. The reason that the hardware was not 
able to get as much of an improvement could be attributed to the resistance in the wires and the 
fact that the full load could not reach 100 A.  
 
Figure 5-7: Efficiency Curve of Revised Board (4.7uF&2.2uF) 
 
 The efficiency curve of the revised board is shown in Figure 5-7. The plot has two 
capacitors at 4.7uF and 2.2uF. It is important to note that both curves overlap and have similar 
efficiencies. The max efficiency for the 2.2uF was 87.77%, while the max efficiency of the 4.7uF 
was 87.78%. The max efficiency met the design requirements, however, the efficiency of the 
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revised board had little change compared to the original board. A summary of the hardware 
results can be seen below in Table 5-3. 
 
Table 5-3: Summary of Results 
Parameter  Specification Simulation 
of Original 
Board  
Simulation 
of Revised 
Board 
Hardware of 
Original 
Board  
Hardware of 
Revised 
Board 
Output 
Voltage 
1.5V 1.4985V 1.4979V 1.501V 1.489V 
Output 
Voltage 
Ripple 
2% of 1.5V 
Or 
+/- 30mV 
1.555A 33mV 18.2mV 12.4mV 
Output 
Current 
100A 100.005A 100.005A 92.7A 92.6A 
Load 
Regulation 
<2% N/A N/A 0.733% 1.544% 
Line 
Regulation 
<2% N/A N/A 0.006% 0.067% 
Efficiency at 
Full Load 
>85% 80.6% 80.5% 85.74% 84.46% 
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Chapter 6: Conclusion 
 
The number of transistors on a microprocessor will double every two years according to 
Moore’s Law. The newest 32-core AMD Epyc processor has 19,200,000,000 transistors, 
compared to the oldest Intel 4004 processor that was made in 1971 and only has 2,300 
transistors. The increase in transistors produces another challenge of providing high current at a 
very low voltage. As the current is increasing, the voltage is having to decrease even below 1V. 
In order to combat these problems, a power supply called Voltage Regulator Module (VRM) is 
needed. The VRM is having to maintain high efficiency in spite of the increasing current and 
dropping voltage.  
In order to supply high current through a converter, our project looked at the multiphase 
topology. This topology allowed for buck converters to be placed in parallel and be divided into 
phases. Each buck or phase shares the output current evenly. For our project, there was 25A per 
phase for a total of 100A at the output current. This project focused on making improvements to 
the TPS40090EVM-002 board by cutting down the output voltage ripple. Through simulation, 
the ripple was reduced by a factor of 30. However, through hardware the ripple was only able to 
be reduced by about half. Overall, this project was successful in demonstrating how one could 
reduce the output voltage ripple of a multiphase buck converter. 
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Future Work 
It is noticeable that the EVM board gets hot really quick when running at full load. 
Considering that the board is running at 100A, the heat on the board is not surprising. Under 
such a condition, using interleaving switching could be a great improvement. Instead of putting 
each phase next to each other in order, the interleaving technique puts phase 1 next to phase 3, 
and phase 2 next to phase 4. In this way, each phase has more time to cool down because the 
next phase will not run current next to it. The heat distribution on the board can be greatly 
improved by using interleaving switching. 
The next step is to reduce the size of the board, as the multiphase buck converter is 
designed to be a VRM that supplies power to microprocessors. So in order to be a commercial 
product, the board size has to be reduced by tightening the traces and using smaller components. 
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Analysis of Senior Project Design 
 
Project title: Analysis of improved multiphase buck converter 
  
Student name: _____________________    Student signature: ___________________________ 
  
Advisor name: _____________________   Advisor initial: _________   
Date: _______________ 
  
 
Summary of functional requirements: 
 
The goal of this project is to improve a commercial multiphase buck converter which is 
designed for supplying power to microprocessors. The commercial circuit is a standard 
synchronous buck converter in 4 phase configuration. After improvements, the multiphase buck 
converter will be able to output a better output voltage with a smaller ripple and therefore provides 
a better input for the microprocessors. 
 
Primary Constraints: 
The full load for this multiphase buck converter is 100A, and even though the electronic 
load in the lab can provide more than 100A, cables in the lab could not handle that high of a 
current. In order to test the converter with full load, three cables and two electronic load machines 
are used. Eventually, even with three cables, the load could still only reach 93A. 
 
Economic: 
There is a large economic gain through producing an efficient multiphase buck converter. 
There would be a job market for Applications Engineers who have an Electrical Engineering 
degree and specialize in DC to DC converters and especially multiphase converters. The financial 
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capital relates to the number of companies that want to invest in a really good product. Converters 
with such a large output current need to maintain a small ripple and good efficiency.  
 
If manufactured on a commercial basis: 
 If this product were to be manufactured on a commercial basis, there would be a good 
amount that could be sold. This is due to the need of efficient converters in everyday applications. 
Converters have applications ranging from the charger of one’s laptop to sending power from a 
solar panel. While although the manufacturing cost of this product would be less than $100, the 
purchase price would need to be on the upwards of $150 in order to compete with the other high 
end EVM boards on the market. The profit would consist of over $50 a board, while the cost to 
operate the device depends on the equipment that the user has. To operate the board, one would 
need a power supply and electronic load with a high enough current and power rating. 
 
Environmental:  
 This topology could be very beneficial to car companies who are looking to go in an 
environmentally friendly direction. Electric cars like Tesla are becoming more and more popular 
and need dc-dc converters in their vehicle. Our product could provide the efficiency that those 
companies need while also providing a large amount of current and power. Most importantly, 
however, more efficient buck converts are good for the environment as there is less cost of energy. 
More power is able to get out for less input power put into the converter.  
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Manufacturability: 
 Manufacturing this revised multiphase buck converter may be a little difficult. The size of 
the board is significant enough that it might not be suitable to work with small microprocessor 
applications. The success of the converter is with the efficiency and the low output ripple that the 
converter has. This allows for the product to be more marketable and manufacturable.  
 
Sustainability: 
The biggest challenge to maintain the operation of this multiphase buck converter is to 
keep the operating temperature down. The full load of this converter is 100A, which makes the 
whole circuit heat up quickly. In order to control the temperature, a fan is required. In addition, 
the converter can also be improved by using interleaving switching. Interleaving switching will 
give each phase of the converter more time to cool down. By combining the use of a fan and 
interleaving switching, a more sustainable multiphase buck converter can be created and used for 
microprocessors. 
 
Ethical: 
 One of the main ethical concerns when it comes to converters is being able to provide 
accurate results for your datasheet and for users. Many times, companies attempt to over-compete 
and provide better results than actually acquired. The results for our revised topology are not 
falsified and is guaranteed by us to be correct. 
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Health and Safety: 
One major safety problem associated with design relates to the high current running inside 
of the converter. Each of the components are required to have a high enough current rating or else 
they will burn out fast and result in the dysfunctionality of the entire circuit. Moreover, the output 
of the converter can output up to 120A current, which makes the circuit run in a high temperature 
environment. Therefore during manufacturing, it is important to pick a material that can handle 
high temperature for a long duration of time. 
 
Social and political: 
    The multiphase buck converter in this project is used to supply power for microprocessors inside 
our PC. And with the continued development of PCs, higher quality for the power supply is 
required. This project provides a good way to improve the output quality of the converter, which 
in turn helps the PC to have a better performance.  
 
Development: 
 During this project we developed several skills that can be taken into the workforce. One 
of these skills included sizing wires to use based on the current and voltage ratings. Also, we were 
able to use new equipment as well. The HP 6032A DC power supply was one of the first supplies 
that we used that had such a high power rating. The power supply itself was rated at 1000W and 
50A. In addition, we learned how to use the BK PRECISION 8510, which is rated at 600W and 
120A.  
